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ABSTRACT
Aquaculture of the hard clam, Mercenaria mercenaria, has steadily increased in 
the United States over the past 25 years. In some areas, including along Virginia’s coast, 
this industry has grown to such a scale that aquaculture systems now exist as agro­
ecosystems within coastal waters. Several features of these aquaculture systems, such as 
high clam densities and protective mesh netting, may modify the availability of habitat, 
food, and nutrients and may be expected to affect benthic and nektonic community 
structure. Few studies, however, have evaluated these effects. We conducted seasonal 
(May -  September) sampling in a tidal tributary of Chesapeake Bay in three shallow- 
water habitat types -  clam aquaculture, seagrass beds, and unvegetated bottom. Multiple 
trophic levels were sampled, including attached macroalgae, resident epibenthos, and 
mobile demersal and nektonic fishes and crustaceans. We compared biomass and 
abundance of trophic assemblages across the three habitat types. Trophic linkages were 
quantified through diet analyses of top predators. Results indicate that less-mobile 
communities showed more differentiation across the three site types. Assemblages 
supported by clam aquaculture and seagrass sites tend to be more similar to each other 
than they are to the assemblages at the unvegetated sites. Prey assemblages demonstrate 
a distinct shift, however, from May/July to September; during May/July the seagrass site 
supports the highest biomass and abundance of prey, but in September the clam 
aquaculture site supports the highest biomass and abundance of prey. This shift seems to 
correlate with the presence of structure (natural and man-made) within each site. Highly 
mobile top-predators show little preference among clam aquaculture, seagrass, and 
unvegetated sites. Diets of top predators do not exhibit a consistent pattern based on the 
site in which the individual was caught, but the diets of some species do correlate to the 
prey communities at a specific site. The added structure and organic matter deposition 
associated with clam aquaculture sites appear to create functional redundancy and 
temporal variability within Cherrystone Creek, potentially enhancing the stability of the 
creek system.
Habitat Utilization and Trophic Interactions 
by Fauna in a Shallow Estuary:
Comparisons between Clam Aquaculture and Natural Sites
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INTRODUCTION
Marine Aquaculture
Over the past 50 years, global aquaculture production of fish, crustaceans and 
bivalves has increased from 3.9% of total world production (by weight) in 1970 to 37% 
of total world production in 2007 (FAO 2009). Furthermore, 47% of the total fisheries 
production for human consumption in 2006 was generated by aquaculture, and 27% of 
this was attributed to the culture mollusks, primarily oysters, clams, mussels and cockles. 
At present, Asia, particularly China, dominates world aquaculture production of bivalve 
mollusks, but production in North America is steadily increasing (Dumbauld 2009, FAO 
2009). In the U.S., current aquaculture production of bivalves is approximately 100,000 
metric tons; Washington State ranks first in production value and Virginia ranks third 
(USD A Census of Agriculture 2009).
Marine aquaculture in Virginia specializes in the production of the hard clam, 
Mercenaria mercenaria, with an estimated total revenue of 25 million dollars (Murray & 
Hudson 2011). M. mercenaria is a native bivalve species along the East coast of the 
United States that has historically supported a large fishery (Whetstone 2005). The wild 
clam harvest, however, is declining, and the production gap is being backfilled by 
aquaculture. Between 1994 and 2004, the wild harvest in Virginia dropped from 1.59 
million pounds to 341 thousand pounds, but aquaculture production simultaneously 
increased from 40 million clams to 150 million clams (Murray 2004). One shallow
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estuarine embayment on the bayside of the Delmarva Peninsula, Cherrystone Creek, has 
been a site of particular increase over the past 25 years. Beginning in 1983 with 
thousands of acres of leased Bay bottom, C. Chadwick Ballard, Sr. started Cherrystone 
AquaFarm, which is now one of the largest producers of cultured clams in Virginia. 
Recent estimates note over 100 million cultured clams in the six-km2 creek (Condon 
2005, Reay 1995).
The Ecology o f Aquaculture
As the industry continues to expand, it is important to understand the cumulative 
process of bivalve aquaculture, from growth to harvest, and the impact of this process on 
the natural ecology of the affected area. Hard clam aquaculture takes place in three 
phases: hatchery, nursery, and grow-out. The hatchery and nursery stages are typically 
land-based processes. During hatching, the broodstock are induced to spawn and eggs 
and sperm are collected and mixed; the resulting larvae are raised on cultured microalgal 
diets. Following metamorphosis, early juvenile stages are supported on this diet until 
they are approximately one millimeter, at which point they can be moved to land-based, 
flow-though tanks. Once the juvenile clams reach 7-15 mm, they are planted in the field 
at densities between 50 and 70 individuals per square foot. Soft structure netting covers 
the clam beds to protect them from predators such as blue crabs and cownose rays over 
the course of the grow-out period, which lasts for 2-3 years, or until the clams have 
reached a marketable size of about 50-70 millimeters (Whetstone et al. 2005). In 
Virginia growers generally use nets that measure approximately 3 m x 18 m, and a single 
farm can have several hundred nets.
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Relative to finfish and crustacean aquaculture, bivalve aquaculture is generally 
considered to have less significant environmental impacts (Crawford et al. 2003, 
Dumbauld et al. 2009), largely as a consequence of not requiring food additions. A few 
studies have considered the effects of clam cultivation on biogeochemical processes and 
nutrient dynamics (e.g., Nizzoli et al. 2006, Bendell et al. 2010) and the impacts of 
harvesting practices on benthic communities (e.g., Kaiser et al. 1996, Spencer et al.
1998). Impacts of clam aquaculture on resident fauna, however, have been minimally 
studied.
The establishment of clam aquaculture sites within natural habitats involves the 
addition (and the eventual removal via harvest) of high-density biotic structure, the 
clams, as well as abiotic structures, such as predator-exclusion nets. As the extent and 
scale of clam aquaculture has increased in Virginia over the past 25 years, the farms have 
come to constitute agro-ecosystems, which might be expected to have landscape level 
effects, both physically and biologically, on the surrounding environment. Potential areas 
of influence include altered available habitat, increased water column filtration, and 
increased organic matter deposition. Each of these areas may affect community 
dynamics and are reviewed briefly below.
Areas o f Potential Impact
Aquaculture leases are generally established in natural habitats that are 
unvegetated (Powers et al. 2007). Therefore, habitat is altered by the addition of bivalve 
shells (living or non-living; Gutierrez 2003), as well as by the artificial structures 
associated with aquaculture. From a purely structural point of view, Gutierrez (2003)
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discusses the role of mollusk shells in the environment; the rate of production of 
permanent structure by mollusks is comparable to the rate of production by trees. Shells 
provide substrate for fauna, refuge from biological and physical stressors, and a 
mechanism to modulate benthic transport. Concurrently, the very high abundance of 
clams may reduce the available space for larger infaunal organisms. The combination of 
these factors is likely to affect both the abundance and species composition of infaunal 
benthic communities associated with clam aquaculture. Associated artificial structures 
can also provide habitat and ecosystem function; this has been previously noted with 
respect to artificial mussel and oyster reefs (Ricciardi 1997, Peterson 2003). For hard 
clam aquaculture, polyethylene predator-exclusion nets cover the clam beds entirely. The 
mesh netting provides substrate for the settlement of sessile organisms and benthic 
macroalgae. It has been shown that this structural element and associated macroalgal 
community mimic the structure of a seagrass bed, providing nursery habitat and 
supporting high levels of primary production (Guidetti 2000, Heck 2003, Powers et al. 
2007).
A second area of aquaculture influence arises due to the filter feeding mechanisms 
employed by bivalves. Numerous studies have shown that high densities of bivalves in 
native populations (Cloem 1982, Officer et al. 1982, Cohen et al. 1984, Gerristen 1994, 
Dame 1996, Prins 1998) and aquaculture systems (Asmus & Asmus 1991, Kaiser 1998, 
Newell 2004, Condon 2005, Nizzoli 2005, Dumbauld 2009) remove significant amounts 
of primary production and affect phytoplankton dynamics. Estimates of hard clam 
carbon demands in Cherrystone Creek were made by Condon (2005) based on measured
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growth rates, a bioenergetics model, and the extent of aquaculture in the creek. 
Depending on the month, clam carbon demands represented 3-90% of net primary 
production; during five months of the year (March, April, June, September, October), 
clam carbon demands exceeded 50% of gross primary production. Positive effects of 
increased filtration include decreased turbidity, which may in turn positively affect 
seagrass growth (Newell 2004, Newell & Koch 2004). It should be noted, however, that 
an increase in light penetration might also facilitate the growth and success of nuisance 
macroalgal species (Peckol & Rivers 1995, De Casabianca et al. 1997). Finally, the 
removal of phytoplankton from the water column alters the natural rates of benthic- 
pelagic coupling, contributing to increased deposition of organic matter, which is 
discussed below.
Uptake of dissolved organic matter by bivalves redirects material from the water 
column to the sediments in the forms of feces and pseudofeces (Prins 1998). Several 
studies have noted an increase in organic matter deposition with respect to aquaculture 
sites, particularly long-line mussels (Bartoli 2001, Newell 2004, Nizzoli et al. 2005, 
Nizzoli et al. 2007, D’Amours et al. 2008a, Dumbauld et al. 2009). This correlates with 
increased growth of macroalgae, benthic microalgae, and seagrass (Reusch et al. 1994, 
De Casabianca et al. 1997, Peterson & Heck 2001), which may provide benefits such as 
nursery habitat and high food availability, as discussed earlier. Excessive eutrophication 
from clam deposition, however, can result in macroalgal blooms that deplete oxygen 
levels in shallow ecosystems and litter shorelines with dead algae. Furthermore, 
subsequent hypoxic conditions can be deleterious for the growth and survival of the
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bivalves. Thus, there is a delicate balance between positive and negative impacts of 
organic matter deposition at aquaculture sites.
Present Study
Based on the current literature, it is not yet clear whether intensive clam 
aquaculture results in aggregation of mobile organisms or actually enhances the 
productivity of organisms associated with the aquaculture habitat (D’Amours 2008b, 
McKindsey et al. 2006). Powers et al. (2007) compared mobile macrofauna biodiversity 
and abundance among aquaculture and natural sites. Their results revealed that 
aquaculture sites support elevated densities of mobile fauna in comparison to unvegetated 
substrates and similar densities of mobile fauna to seagrass sites. They infer that refuge 
provided by the macroalgae and enhanced food resources may be responsible for this 
pattern.
Quantifying actual production increases (or decreases) in mobile fauna, primarily 
decapods and finfish, attributable to clam aquaculture will require estimating changes in 
survival rates associated with increased structure and estimating changes in growth rates 
associated with trophic alterations. The overall goal of the present study was to begin to 
address the latter of these by evaluating effects of large-scale clam aquaculture on trophic 
structure and linkages relative to adjacent natural systems. Specifically, I compared 
seasonal abundance and biomass of fauna from multiple trophic levels at three sites -  a 
clam farm, a seagrass meadow, and an unvegetated, soft sediment habitat -  and analyzed 
diets of top predators to determine linkages among the trophic levels and compare these 
linkages across the three sites.
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Objectives
Specific objectives of this study were to quantify:
1. the presence o f epibenthic, and shallow infaunal, and demersal prey with 
respect to habitat type.
2. the presence o f potential demersal and nektonic predators with respect to 
habitat type.
3. trophic interactions among observed prey and predators within each habitat 
type.
8
METHODS
Study Site
Cherrystone Creek is a shallow estuarine creek located in the lower Chesapeake 
Bay on the western side of the Delmarva Peninsula. It receives freshwater input from a 
number of tidal freshwater creeks and has direct tidal exchange with Chesapeake Bay at
'y
its mouth (Reay 1995). The total area of the embayment is roughly six km . Bathymetry 
of the creek is characterized by narrow channels (maximum depth ~4 m) that are flanked 
by broad and shallow shoals (mean depth ~1 m). Annual salinity and temperature 
measurements range from 14-23 psu and 0-32°C, respectively. The sediment in the 
nearshore intertidal and shallow subtidal regions is primarily sandy (Reay 1995).
Seagrass beds, largely composed of Zostera marina and Ruppia maritima, are prevalent 
in the shallow shoals towards the mouth (bayside) of the creek (Condon 2005). Density 
estimates of seagrass beds adjacent to the Cherrystone AquaFarm site range from 70- 
100% (Fig. 1; Orth et al. 2010).
Three sites within Cherrystone Creek were selected for this study, each 
corresponding to one of three habitat types: clam aquaculture, seagrass, and unvegetated. 
The clam aquaculture site is located within Cherrystone AquaFarm, one of the 37 private 
leases in Cherrystone Creek (Fig. 2). The two natural sites (seagrass, unvegetated) are 
adjacent to the aquaculture site (Fig. 3). Qualitative assessments of each site were 
conducted and precise polygons were developed in ArcGIS. All samples collected
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throughout the study were collected within the appropriate established polygons. 
Measures of seawater temperature (°C), salinity (psu), and dissolved oxygen (mg/L) were 
taken at each site during May and July (Table 1). Additionally, although the depth was 
not measured consistently at each site (and therefore is not presented quantitatively), it 
was observed that the unvegetated and seagrass sites were about 30 cm deeper than the 
clam aquaculture site.
Sampling Design
All sampling procedures were repeated during May, July, and September of 2010. 
One week during each month was selected based on tidal schedules appropriate for 
setting nets and collecting samples. Over the course of the selected week, three faunal 
assemblages were sampled at each habitat site. Epibenthos and shallow infauna were 
sampled using a suction sampler. Small demersal and nektonic prey were collected using 
a haul seine. Finally, large demersal and nektonic fauna (predators) were sampled using 
fyke net arrays.
Epibenthic Flora and Fauna and Shallow Infauna
On one day during each sampling period, epifaunal and infaunal macrobenthos 
were collected from each site using a suction sampler. Five locations were haphazardly 
selected within the seagrass and unvegetated sites; within the aquaculture site, five 
haphazard samples were taken on top of predator exclusion nets, and five were taken in 
the rows between the clam beds. This differentiation was made because the benthic 
communities within the aquaculture site are expected to be heterogeneous across these 
two bottom types.
10
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A weighted 30.5 cm (12 in) diameter cylinder (total area 0.073 m ) was thrown 
within the site boundary. Epibenthos and infaunal benthos within this area to a depth of 5 
cm were then removed using a suction sampler. The suction sampler was composed of a 
7.6 cm diameter PVC tube attached to a 2 mm square mesh bag. Pressure from a fire 
hose created suction through this tube, removing the top layer of benthos within the 
sample area. All benthic material was retained in the attached mesh bag. After 
completion, the mesh bag was removed, labeled, and stored on ice during transport to the 
lab.
In the lab, following collection, all benthic samples were processed quickly to 
limit degradation time. Each mesh bag was gently rinsed to remove excess sand and silt 
particles. The contents of each bag were emptied into a large plastic tray, and fauna were 
sorted to major taxa and placed in 79% ethanol. Algae and seagrass were identified to 
the lowest possible taxonomic levels and percent composition of each species was 
estimated. Algae (all species pooled) and seagrass were blotted dry, weighed, and dried 
to a constant weight at 55°C. Ash content was determined by combustion at 500°C. Dry 
weight and ash free dry weight were measured. Invertebrates were further sorted to the 
lowest possible taxonomic level, enumerated, and dried. Dry weights and ash-free dry 
weights were measured to the nearest 0.001 gram for each taxonomic level.
Demersal and Nektonic Fauna
Demersal and nektonic fauna, primarily finfish and decapods, were sampled using 
a haul seine and a fyke net array. These two gear types generally captured different size 
class assemblages of the demersal and nektonic fishes and crustaceans, but there was
11
some overlap. Each gear type will be presented and discussed separately.
Haul Seine
During each sampling week, a haul seine was pulled at two randomly selected 
locations within each site on each of three days. At the seagrass and unvegetated sites, 
the first haul was pulled perpendicular to the current, and the second seine was pulled 
parallel to the current, opposing the direction of flow. At the aquaculture site, the first 
haul seine was pulled along the length of a randomly-selected clam bed, and the second 
haul seine was pulled perpendicular to the length of a different randomly selected clam 
bed, thus crossing over multiple beds and multiple rows in between beds. The haul seine 
had 4.8 mm mesh and was 20 ft (6.1 m) long, 4 ft (1.2 m) high, and there was a 4 ft (1.2 
m) bag in the center of the net to capture specimens. Each haul seine was manually pulled 
for 60 feet (18.25 m), covering a bottom area of 1,200 ft2 (111.5 m2).
Samples from each tow were retrieved from the net, placed in a labeled plastic 
bag, and stored on ice. Samples were stored in laboratory freezers until processed, at 
which point they were sorted to the lowest possible taxonomic level. All individuals 
were enumerated, and all fish and crabs were measured to the nearest millimeter. At the 
lowest identifiable taxonomic level, individuals were dried to a constant weight, ashed as 
described above, and weighed to the nearest 0.001 gram.
Fvke Net Array
Fyke net arrays were used to sample larger demersal and nektonic organisms at 
each site (aquaculture, seagrass, unvegetated). A single fyke net consisted of a box-frame 
opening that funneled toward a cod end located beyond the net entrance. From the
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entrance, two mesh wings extended at 45-degree angles. Fyke net arrays were comprised 
of three individual fyke nets that were deployed to capture mobile fauna approaching the 
array from any direction (Fig. 3). Two nets were set, entrances opposing, along a line 
perpendicular to the current; a 60-foot mesh leader connected the entrances. The third net 
was set parallel to the current and perpendicular to the first two nets. A second mesh 
leader connected the entrance of the third net and the mesh leader between the two 
opposing nets. At the clam aquaculture site, specifically, the two opposing nets were set 
along the length of a clam bed, and the third net was set perpendicular to these two. In 
May, the leaders were 45 ft long, but in July and September the length was extended to 
60 ft. All samples were standardized to 60 ft leader length based on the overall area of 
the array.
During each sampling period, three fyke net arrays were simultaneously set, one 
at each habitat site (aquaculture, seagrass, unvegetated). The arrays were deployed for 24 
hours, at which point nets were retrieved, organisms were collected, and nets were 
redeployed at a different random location within each site-specific polygon. A total of 
three sequential replicates from each site were collected in this manner during each 
month of sampling.
The organisms collected from each fyke net array were individually processed in 
the field. Samples were divided by species, and representative sub-samples of each 
species were removed for diet analysis and length-to-weight ratio calculation. Up to 
three individuals per size class per species were kept from each fyke net array for each 
analysis; if less than three individuals were caught, all individuals were allocated for diet
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analysis. Remaining individuals were measured to the nearest millimeter and promptly 
returned to the water. In the case that individuals died during processing, carcasses were 
disposed of away from the study sites to avoid attracting other organisms.
Diet Analysis
Individuals that were selected from fyke net samples for diet content analysis 
were either dissected in the field or preserved whole, depending on size. For individuals 
dissected in the field, esophagus, stomach, and intestines were placed in a labeled cloth 
bag and immediately immersed in Normalin. Organisms that were too small for field 
dissection were killed, placed in a labeled cloth bag, and then placed in Normalin.
Laboratory procedures for processing stomach contents followed the widely 
accepted procedure of Hyslop (1980). Contents of the esophagus and stomach were used 
in this analysis; contents of the intestines, however, were often difficult to decipher due to 
late stages of decomposition. Each gut was weighed, emptied, and the empty gut was 
weighed again. The contents of each gut were identified to the lowest possible 
taxonomic level, blotted dry, and weighed to the nearest 0.001 gram. Materials that were 
indistinguishable were recorded as “unidentified material” and were blotted dry and 
weighed.
Individuals of a single predator species caught in the same fyke net array (specific 
site/date combination) were expected to have correlated diet compositions because they 
were feeding on the same prey assemblage. As such, diet content data were summarized 
according to a cluster-sampling estimator (Bogstad et al. 1995, Buckel et al. 1999). The 
estimator is structured such that the percent weight of each diet component (% W k ) is:
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n%wk= i=l *  100n
where
^ l i k  — W:
and where n = the number of fyke net arrays containing a) diet samples b) diet
samples in a specific month/habitat type combination of c) diet
samples of species x in a specific month/habitat type combination.
Mj = the number of a), b), or c) collected at sampling site i
W j = the total weight of all prey items collected in the stomachs of
diet samples collected at site i
and
Wik= the total weight of prey type k in these stomachs
The variance estimate for %Wk is calculated as:
n
var(%WJ
2^i2Cq,k-W,J2
i=l
* 1002
where
n
Em
i=l
M  =
n
Based on this estimator, a percent weight of each prey component was calculated
for each unique predator/site/date combination. To simplify interpretation, prey
components were condensed into broad taxonomic groups for the final analysis: finfish,
crustaceans, annelids/mollusks, and unidentified material. The diet components of each
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predator species were compared across habitat type.
Length: Weight Ratio
Length-to-weight ratios were generated for the species that were prevalent in the 
fyke net samples. Individuals that were selected for this analysis were frozen until 
processed. Upon thawing, each individual was measured to the nearest millimeter and 
weighed to the nearest 0.01 gram. For each species, length was plotted against weight, 
and a log-log regression was fit to the data. Regression values were compared to those 
that have been previously published. These regressions were used to estimate the wet 
weight of individuals based on length data that was collected in the field.
Data Analysis
Based on the temporal design of this study, it was anticipated that community 
composition within each trophic level would change significantly between each sampling 
period. As expected, most of the initial 2-way ANOVA analyses revealed significant 
Site-Month interaction effects. Because the primary objective of the study was to 
compare assemblage composition and trophic interactions among site types during 
discrete time periods, abundance and biomass data collected during each month from the 
suction sampler, haul seine, and fyke net array were analyzed using one-way ANOVA 
tests. Specific sites were compared using Tukey’s pairwise multiple comparisons post 
hoc analyses (experiment-wise error of 0.05). When assumptions of normality and 
homogeneous variance could not be assumed, data were adjusted using log and square 
root transformations; if assumptions were still not met, non-parametric Kruskal-Wallis 
tests were used.
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Replication within sites was provided by the sequential samples taken over the 
course of each monthly sampling period. For the epibenthic/infaunal samples, each of 
the five haphazard samples was treated as an independent replicate. The two seine hauls 
collected at a particular site each day were averaged together; averaged samples collected 
on each of three days were treated as independent replicates. Finally, each 24-hour soak 
of one fyke net array (three nets) was regarded as one replicate.
Non-metric multidimensional scaling (nMDS) analysis was used to visualize and 
compare the assemblage composition of a single trophic level at all site types within each 
sampling period. This analysis is based on a dissimilarity matrix built using Euclidean 
distance; each sample was plotted in two-dimensional space in relation to all other 
samples. NMDS was performed at each level of sampling (epibenthic/infaunal, 
demersal/nektonic: haul seine and fyke net array) and yielded insightful spatial 
relationships among site types.
Diet data were analyzed using cluster analysis and nMDS to differentiate 
predators into functional groups based on the primary component of their diet (finfish, 
crustaceans, annelids/mollusks, or unidentified material). Hierarchical cluster analysis 
was performed using a Euclidean distance metric and group average linkage method. 
Canonical Correspondence Analysis (CCA) was used to deduce trends in diet 
composition based on the Predator species, the Site Type, and the sampling Month, which 
are considered the environmental variables in this analysis. All statistical analyses for 
this study were conducted using R.
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RESULTS
Epibenthic Flora and Fauna and Shallow Infauna
A total of 5,872 benthic organisms comprised of 40 taxa (primarily species and 
genera) were identified over the course of the study. Cumulatively, these organisms 
weighed 54.88 grams dry weight (with the exception of large gastropods and hermit crabs 
for which ash free dry weight was used to eliminate non-nutritive shell material). 
Organisms were grouped into 20 broad taxonomic groups to aid interpretation of results 
(Table 2).
Mean total epibenthic and infaunal biomass varied significantly by site type 
during May and July (Fig. 4, Table 3). During July, the seagrass site supported the 
highest benthic biomass. There were no differences among site types during September.
Epibenthic and infaunal abundance varied significantly by site type over the entire 
study period (Fig. 4, Table 3). In May, the clam aquaculture site supported a higher total 
abundance than the unvegetated site and the row habitat (in between the clam beds). In 
July, the row site and the seagrass site supported a significantly greater abundance of 
individuals than the unvegetated site. Finally, in September, the abundance of benthos on 
the nets at the clam aquaculture site was greater than the abundance at all other sites, and 
the habitat between the rows of nets at the clam aquaculture site supported a greater 
abundance of organisms than the unvegetated site. Gastropods, though moderate in
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abundance, had a large influence on the biomass variation among sites (Fig. 5). On the 
other hand, smaller organisms such as Gammarid and Caprellid amphipods accentuated 
differences in community composition across sites because of their high abundance (Fig. 
6).
Based on nMDS analysis, epibenthic and infaunal community composition 
differentiated progressively throughout the sampling period (Fig. 7). In May, there was 
considerable overlap of benthic assemblages among all site types, particularly among the 
two clam aquaculture habitats (on top of the nets and between the rows of nets), and the 
seagrass site. In July, the seagrass and unvegetated site assemblages diverged from the 
clam aquaculture and clam aquaculture row assemblages, which remained similar. By 
September, assemblages at the two clam aquaculture habitats were distinct from those at 
the seagrass and unvegetated sites. Large gastropods, hermit crabs, and worms 
dominated the latter while the former supported a more diverse community of small 
crustaceans.
The epifaunal and infaunal assemblage composition was generally more 
consistent within each site type across three months than it was within a given month 
across all site types (Fig. 8). This month-to-month consistency was the opposite of what 
was found for the demersal and nektonic assemblages, which exhibited high variability 
over time.
Demersal and Nektonic Fauna 
Haul Seine
Haul seine sampling captured many mobile fish and crustaceans that were often
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prey items for the predatory finfish caught in the fyke nets (Table 4). Overall, a total of 
5,815 individuals representing 29 taxonomic groups were caught in these samples. 
Particularly uncharacteristic individuals, for which this gear was not suited, such as 
cownose rays or horseshoe crabs, were excluded from analyses to avoid skewing the data 
via non-target organisms.
Mean total biomass and mean total abundance followed similar patterns. 
Generally, assemblages had low biomass and abundance in May; they peaked in July, and 
then declined in September (Fig. 9, Table 5). The mean total abundance of small 
demersal and nektonic fauna, however, showed an extreme peak in September. Small 
crustaceans caused this peak: grass shrimp and broke-back shrimp (Hippolyte sp.) 
accounted for 78% of the haul seine assemblage abundance at the clam aquaculture site in 
September (Fig. 10).
There was an interesting shift in haul seine assemblages between July and 
September. In July the seagrass site supported a higher biomass and abundance of 
individuals than the unvegetated site, but the clam aquaculture site was not different from 
either (Fig. 9, Table 5). In September, however, the clam aquaculture and unvegetated 
sites supported a significantly higher biomass than the seagrass site, and the abundance at 
the clam aquaculture site significantly exceeded that of the seagrass site. Furthermore, 
the assemblage compositions, in terms of both biomass and abundance (Fig. 10, Fig. 11), 
also demonstrated a similar shift over time. During May and July, the clam aquaculture 
and seagrass sites were very similar; in July, however, the seagrass and unvegetated sites 
were similar while the clam aquauclture appeared to support a higher biomass,
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abundance, and diversity of prey. This assemblage shift is particularly visible in the 
nMDS plots (Fig. 12); in September (c), unvegetated and seagrass sites are distinguished 
by the presence of spadefish (Chaetodipterus faber), Atlantic silverside (Menidia 
menidia), juvenile spot (Leiostomus xanthurus), kingfish (Menticirrhus saxatilis), bay 
anchovy (Anchoa mitchilli), and reef squid (.Lolliguncula brevis).
Temporal shifts in assemblage composition appear to be related to the amount of 
vegetative structure. In May, when seagrass and macroalgae were beginning to grow, 
sample compositions at the clam aquaculture and seagrass sites were diverse and 
characterized by small fish and crustaceans while Atlantic silversides dominated the 
unvegetated site (Fig. 11). The three sites were most similar in July; a peak in biomass at 
the seagrass site was attributable to juvenile blue crabs. Anticipated decline of seagrass 
habitat structure in September correlated with decreased diversity at the seagrass site in 
comparison to the clam aquaculture site; without vegetative structure, the community 
composition at the seagrass site resembled that of the unvegetated site.
There was strong month-to-month variability within each site type (Fig. 13). The 
clam aquaculture site, however, supported fairly consistent assemblage of small demersal 
and nektonic fauna throughout the sampling period. In fact, the clam aquaculture 
assemblages in September were more similar to July clam aquaculture assemblages than 
they were similar to any other September assemblages.
Fvke Net Array
A total of 4,380 individuals, representing 29 species were caught in Cherrystone 
Creek using fyke net arrays (Table 6). Species that represented less than one percent of
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the total biomass or total abundance during a specific month/site combination were 
excluded from final analyses. Excluded species included: bluefish (Pomatomus 
saltatrix), cusk eel (Ophidion marginatum), hake (Urophycis regius), horseshoe crab 
(Limulus polyphemus), and lookdown {Selene vomer).
One-way ANOVAs were used to analyze the total biomass and the total 
abundance of large demersal and nektonic fauna across three habitat types. Biomass and 
abundance data were log-transformed, and both analyses revealed the same results. In 
May, the seagrass and unvegetated sites supported higher total biomass and higher total 
abundance of large demersal and nektonic fauna than the clam aquaculture site (Fig. 14; 
Table 7). There were no differences in biomass or abundance among the three sites 
during July or September (Table 7).
Demersal and nektonic assemblage structure at different sites was most distinct 
during May (Fig. 15). Clam aquaculture samples were characterized by the presence of 
mummichog (Fundulus spp.), needlefish {Strongylura marina), and oyster toadfish 
{Opsanus tau). The seagrass site particularly supported speckled trout {Cynoscion 
nebulosus), croaker {Micropogonias undulatus), and American eel {Anguilla rostrata), 
and the unvegetated samples were distinguished by striped bass {Morone saxatilis), 
hogchoker {Trinectes maculatus), and Atlantic silverside. Over the sampling period, 
however, the differences among site types declined, and the assemblages of all sites 
overlapped.
The clam aquaculture assemblage, in particular, experienced a shift from May to 
September (Fig. 16). In May, its composition was distinct from the assemblages of both
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the seagrass and unvegetated sites (lower biomass and diversity); over the course of the 
summer, however, the clam aquaculture site became more similar to the other two sites.
Demersal and nektonic assemblages at each site showed variation over time 
(Fig. 17), and assemblages at a specific site were more similar to assemblages at different 
sites during the same month than they were similar to assemblages at the same site during 
different months. Much of this variation appears to be a product of seasonal influx and 
efflux of predators.
Diet Analysis
In total, 643 diet samples representing 24 different species were analyzed (Table 
8). Nine species were removed from the final analysis because they each comprised less 
than 1% of the total number of samples. The excluded species were bluefish, black sea 
bass (Centropristis striata), burrfish (Chilomycterus schoepfii), cusk eel, hake, lookdown, 
pigfish (Orthopristis chrysoptera), striped sea robin (Prionotus carolinus), and striped 
bass.
Individual diet components were condensed into five categories: crustacean, 
finfish, annelid, mollusk, and other (Fig. 18). The “other” category consisted of 
unidentified or fully digested material that was found in the stomach of the fish. 
Cumulatively, diets were comprised of 22.4% crustacean, 18.5% finfish, 4.7% worm, 
4.8% mollusk, and 49.0% other.
NMDS analysis and cluster analysis were used to group predators based on diet 
composition. Predators split distinctly into four groups (Fig. 19), each of which was 
centered on a particular diet component (Fig. 21). The first group, American eel, summer
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flounder (Paralichthys dentatus), grey trout (Cynoscion regalis), and speckled trout, was 
characterized by finfish in the diet. The second group (oyster toadfish, silver perch 
(Bairdiella chrysoura), and mummichog) primarily consumed crustaceans. The third 
group (Atlantic croaker, hogchoker, and northern puffer (Sphoeroides maculates)) fed 
mostly on annelids and mollusks. The final group was characterized by unidentifiable 
diet material; this group included needlefish, Atlantic silverside, spot, striped killifish 
(Fundulus spp.), and spadefish.
Canonical Correspondence Analysis (CCA) was used to analyze the diet 
composition data with respect to month (Month), predator species (Predator), and site 
type (Site.Type). The primary axis of variation is the horizontal axis; the direction of the 
arrows indicates the level of correlation of each environmental variable with the 
eigenvalues of the horizontal and vertical axes. The length of each arrow is proportional 
to the rate of change of the respective environmental variable. Month showed substantial 
positive correlation with the primary axis of variation, while Predator negatively 
correlated with the primary axis of variation (Fig. 21; f=l .445, p=0.005). Site Type had 
the least influence on the diet composition of predators.
By noting the predator species associated with each diet (Fig. 21), the remaining 
variation can be visually partitioned between Site.Type and Month. The diet contents of 
silver perch, summer flounder, American eel, and oyster toadfish primarily varied by 
Month. On the other hand, diet composition of Atlantic croaker, hogchoker, and 
silversides varied primarily with respect to Site.Type.
Identifying samples by the site type (Fig. 22) allowed interpretation according to
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the Predator and Month environmental variables. The diets of predators at the clam 
aquaculture site varied most consistently over time, and Predator species had little effect 
on diet variation. This suggests that, to some extent, the predator assemblages at the 
aquaculture site were attracted to the site because of some factor besides prey availability, 
perhaps refuge, and that their dietary requirements were flexible.
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DISCUSSION
Community Composition
This study demonstrated that the distribution of prey items within Cherrystone 
Creek varied not only temporally but also among site types. Generally, the seagrass and 
clam aquaculture sites supported prey assemblages with higher mean total biomass and 
abundance than the prey communities at the unvegetated site. The differentiation 
between these two structured habitats, however, varied over time.
The epibenthic and shallow infaunal prey assemblages exhibited a shift from May 
to September. During May and July, the seagrass site supported a significantly higher 
macrobenthic biomass than any other site and a mean total abundance comparable to the 
clam aquaculture habitat (but higher than the unvegetated site). In September, however, 
the total abundance of epibenthos supported by the clam aquaculture habitat exceeded all 
other sites. Greater abundance in September was attributable to small crustaceans 
including amphipods and isopods, which did not contribute significantly to the prey 
biomass. A similar pattern followed for the prey assemblages caught using the haul 
seine. During May and July, the biomass and abundance of small demersal and nektonic 
fauna at the seagrass site surpassed all other sites. Contrastingly, in September, both the 
clam aquaculture site and the unvegetated site supported an assemblage with a mean total 
biomass higher than the seagrass site; also, the abundance at the clam aquaculture site far 
exceeded all other sites. Again, the September peak in total abundance at the aquaculture
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site was driven by crustaceans, primarily grass shrimp and broke-back shrimp (Hippolyte 
sp.). Biomass was dominated by silver perch, a known predator of grass shrimp and 
amphipods (pers. obs.).
Variations among prey communities that were observed in this study coincide 
with the presence of structure. During May, the structure at the clam aquaculture site and 
the seagrass site was similar. The clam aquaculture site offered mesh predator exclusion 
netting and some vertical relief via macroalgae. Meanwhile, above ground biomass in 
the seagrass bed was near its seasonal maximum, providing supple and natural structural 
complexity. As the summer progressed, macroalgae proliferated at the clam aquaculture 
site (pers. obs.) and provided a dense, protective canopy. Powers et al. (2007) noted that 
the biomass of the macroalgal canopy on a clam farm in North Carolina did not differ 
from that of a nearby seagrass bed. Thus, it makes sense that prey communities at the 
clam aquaculture and seagrass sites were similar during May and July. September 
marked the decline of the seagrass beds as well as the differentiation in prey communities 
between aquaculture and seagrass sites. Macroalgal cover at the aquaculture site also 
declined, but it still provided more vertical structure than all other sites.
It is also possible that increased organic deposition at the clam aquaculture site 
contributed to enhanced epibenthic and demersal assemblages. Cultured clams in 
Cherrystone Creek were reported to reach their peak filtration capacity in July when 
individual filtration rates and cultured clam biomass were high (Condon, 2005), which 
translates to maximum deposition rates of organic matter into the sediments. D ’Amours 
et al. (2008a) reported that organic deposition associated with mussel farms increased
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abundance and variety of epifaunal communities. Furthermore, the combination of 
increased organic matter deposition and increased water clarity (due to phytoplankton 
removal; Prins 1998) can enhance the growth of macroalgal species (Peckol and Rivers, 
1995; De Casabianca et al, 1997), creating pseudo-nursery habitats that support diverse 
and productive species assemblages. Seagrass beds are known for their high organic 
matter and productivity rates (Heck et al. 2003), which supports the data that show 
comparable epibenthic and demersal assemblages at seagrass and clam aquaculture sites.
These observations also align with the findings of Peterson et al. (2003) that the 
increased structure of cultivated oyster reefs increased the overall production of fish and 
large mobile crustaceans. Powers et al. (2007) found similar results while comparing 
clam aquaculture sites with seagrass and unvegetated sites. They found that habitat 
utilization by mobile vertebrates and invertebrates was most similar among aquaculture 
and seagrass sites (and significantly higher than unvegetated sites). Their conclusions, 
however, are drawn over the course of a year, and the data exhibits significant interaction 
effects by habitat, date, and time. By isolating those variables, the present analysis was 
able to provide further insight concerning habitat utilization by both prey and predators 
during discrete seasonal time steps.
Predator assemblages caught in the fyke net array, which primarily consisted of 
large, top predators, showed the least site-to-site variation. Because the organisms 
targeted by the fyke nets arrays were highly mobile, it was expected that they would have 
access to and utilize each of the sites in a manner that maximized survival and 
production. A concentration of organisms in a specific habitat type, exhibited by higher
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abundance, would suggest that one habitat type was preferred. The only significant 
difference among sites occurred during May when the clam aquaculture site supported 
lower total biomass and abundance of organisms than the other two sites. Furthermore, 
there was high overlap of the assemblages at all three sites (Fig. 17), which implies that 
no habitat was absolutely preferable over another.
Variability in these data was introduced due to the natural heterogeneity of the 
habitats of interest. Particular factors of concern were the patchiness of the seagrass site 
and the undocumented disturbances within the clam aquaculture site from normal 
farming activities including harvest and net cleaning. Individual benthic samples and the 
haul seine samples were most noticeably affected by patchy habitats (pers. obs.).
While the fyke net array samples may have been less affected by patchy habitat 
structure, they did have other shortcomings. There was no differentiation between 
predators caught during the day/night or the flood/ebb tides. Also, the geography of 
Cherrystone Creek and the position of the clam aquaculture were such that the 
unvegetated site was located closer to the clam aquaculture site than it was to the seagrass 
site; the unvegetated site was also deeper and nearer to the channel than the other two 
sites. These factors may affect the strength of comparison among the three site types, but 
their effects remain unquantified.
Diet analyses were conducted on fish from the fyke net samples and may have 
been affected by the factors mentioned above. Furthermore, predation may have 
occurred within the fyke nets over the course of the 24-hour set time. Internal predation 
would affect the final abundance of organisms and could skew the diet analysis toward
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prey items that were available in the fyke net. Additional research on gut clearance time 
and digestion rates could be used to overcome this confounding factor.
Finally, it should be taken into consideration that particular measures were taken 
to avoid many normal farming activities that would usually affect the organisms that 
utilize the clam aquaculture habitat. During each month, clam beds were roughly 
surveyed, and those that held mid-sized clams (planted at least 6 months prior) were used 
for sampling. Additionally, clam beds that had been recently cleaned or harvested were 
avoided. It is important to remember that the habitats supported by clam aquaculture are 
ephemeral and constantly undergoing changes that may affect associated communities 
(Kaiser et al. 1996, Spencer et al. 1998).
Diet Composition
Using the cluster analysis of the diet data, 15 major predators were grouped into 4 
functional groups based on their diet components. One-way ANOVAs were used to 
determine if the abundance of organisms within three of these groups, those that 
primarily feed on crustaceans, fish, or annelids and mollusks, differed among sites across 
the entire sampling period. There was no difference in abundance of organisms within 
specific feeding guilds among the three sites. In fact, it was difficult to detect a pattern of 
diet contents based on predator species and site of capture. This suggests that habitat 
utilization by many species was not primarily governed by the available prey, but by a 
matrix of parameters.
Some inferences, however, regarding the links between habitat type, prey 
abundance, and predator species, can be drawn for individual species. Two of the species
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within the finfish feeding guild had diet contents that reflected the prey abundance of the 
locations in which they were caught. Speckled trout that were caught at the clam 
aquaculture site in September ate only crustaceans while those caught at the unvegetated 
site ate only finfish; this aligns with the data that show a high abundance of crustaceans at 
the clam aquaculture site in September. Similarly, American Eel caught at the clam 
aquaculture site showed mixed diets of crustaceans and finfish while those caught at the 
seagrass site only ate finfish. Summer flounder abundance within a habitat was greatest 
when prey biomass in either the fyke or seine net samples was highest.
Species within the crustacean feeding guild showed less fidelity to a particular site 
than those within the finfish feeding guild. Oyster toadfish were caught at all sites, but 
were found most abundantly at the seagrass and unvegetated sites; the netting over the 
clam beds may have inhibited the benthic feeding mechanisms of this fish. Mummichog, 
which were caught exclusively at the clam aquaculture site in May and at the clam 
aquaculture and seagrass sites in July, seem to preferentially utilize habitats that provide 
high levels of refuge. Silver perch were present at all sites and exhibited a consistent diet 
composition (primarily grass shrimp and amphipods) across all sites. If we assume that 
juvenile perch consumed the same swath of prey, the juveniles caught using the haul 
seine appear to spend more time at sites with higher food availability. During July, when 
crustaceans were abundant at the clam aquaculture and seagrass sites, juvenile perch were 
found primarily at the seagrass site. In September, however, when the crustacean 
abundance at the clam aquaculture site peaked, juvenile perch were caught exclusively at 
this site.
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The final feeding guild that was analyzed was diet-dominated by annelids and 
mollusks. Most notably, hogchokers fed primarily on mollusks (specifically clam 
siphons) and were only caught at sites where bivalves were present and accessible. The 
protective netting over the clam aquaculture sites did not permit hogchokers to access 
bivalves and so very few were caught at this site. Croaker were found to be generalist 
feeders and were primarily caught in the seagrass and unvegetated sites. Again, the 
protective netting may have inhibited the benthic feeding mechanisms of croaker. In 
July, specifically, the amount of crustacean material in the croaker diets reflected the 
habitat in which they were caught.
Linking Prey and Predators
Results from this study reveal that clam aquaculture sites provide alternative 
foraging grounds for some species within the mosaic of habitats in Cherrystone Creek. 
Many predators were found to use all three sites interchangeably; among those that did 
not, some were winners (benefited from clam aquaculture) and some were losers (were 
negatively affected by clam aquaculture). Prey communities supported by structured 
sites (clam aquaculture and seagrass) were remarkably similar. The clam aquaculture 
sites enhanced the temporal diversity of habitats within the creek as the macroalgal 
canopy on the nets expanded throughout the summer and into the fall, extending the 
availability and diversity of food sources within the system and potentially increasing the 
overall production of fish and crustaceans.
The current study provides a platform from which future research can be 
designed. The use of stable isotopes in a study designed similarly to this one would yield
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more specific data concerning the source of dietary components for each predator. This 
would help assess the contribution by each site type to the productivity of each predator. 
Vegetation and structure were important factors in this study that were not sufficiently 
quantified; it would be beneficial to quantify the vegetative biomass at each site on a 
regular basis, perhaps weekly. These data could be used as a covariate to biomass and 
abundance data in future analyses and would enhance our understanding of how the 
variation in vegetation affects habitat utilization. Expansion of this study to include 
additional clam aquaculture, seagrass, and unvegetated sites would increase the generality 
of the results and provide a more complete picture of the impact of clam aquaculture.
Development of dynamic food web models that incorporate spatio-temporal and 
habitat-mediated effects would add insights into the comparative role of clam aquaculture 
in supporting the production of higher trophic levels. This would aid environmental 
managers in evaluating the effects of the clam aquaculture industry on the production of 
ecologically- and economically-important species.
In the meantime, this study provides evidence that clam aquaculture sites in 
Virginia are utilized by a wide variety of mobile fishes and crustaceans. Some of these 
species (e.g., mummichog and American eel) clearly preferred structured habitats 
(seagrass or clam aquaculture sites) to unstructured bare sediment habitat, apparently as a 
result of enhanced prey availability, while others (e.g., hogchoker and croaker) avoided 
these sites because of a lack of access to their preferred prey. Low macroalgal biomass at 
the clam aquaculture site during the spring corresponded to the lowest levels of fish and 
crustacean abundance and biomass observed in that habitat. However, as the macroalgal
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beds covering the clam nets expanded during the summer and persisted into the fall they 
supported prey assemblages similar to or greater than seagrass assemblages.
Because hard clam aquaculture has less anthropogenic impact on the environment 
in comparison to finfish aquaculture (Crawford et al. 2003, Dumbauld et al. 2009) and 
because the presence of this aquaculture in Cherrystone Creek mimics the supportive role 
of seagrass habitats, it appears that its presence in the creek has a positive net-effect on 
epibenthic and mobile communities. This positive effect, however, depends on the 
geographical intertwining of natural habitats (seagrass and unvegetated) and aquaculture 
habitats. It was evident from the diet analysis that some predators were not able to utilize 
space occupied by clam aquaculture; the habitat mosaic of the surrounding area, however, 
enabled them to live and feed nearby. Moreover, food availability for many predators 
was extended beyond the duration of supple seagrass communities. Clam aquaculture 
habitats appeared to provide some functional redundancy to seagrass beds by supporting 
significantly more substantial prey communities than the seagrass site in September.
Clam aquaculture thereby extended the temporal period during which structured habitats 
were present and potentially enhanced the stability of the system.
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2009 SAV Density
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□  0-10%
Figure 1: Cherrystone AquaFarm seagrass distribution. Seagrass density is noted by color (Orth et al. 
2012), and site polygons are noted by labeled, red rectangles.
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Figure 2: Private lease distribution in Cherrystone Creek. Red circles are proportional to the size of the 
farm.
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Table 1. Temperature, salinity, and dissolved oxygen measured at each site during May and July 2010.
Seawater Temp Salinity Dissolved Oxygen
Sample Sites (°C) (psu) (mg/L)
MAY
Clam Aquaculture 22.8-24.1 19.2- 19.4 7.45 - 8.53
Seagrass 21.7 -22.1 19.0-19.3 4.22 - 5.8
Unvegetated 21.4 -22.9 18.9-19.3 4.79 - 6.37
JULY
Clam Aquaculture 29.8 -30.5 23.8 - 24.4 5.11 -5.56
Seagrass 29.0 -30.1 24.5 - 33.5 5.10-5.20
Unvegetated 29.8 -30.0 23.7-24.1 4.67-5.27
SEPT
Clam Aquaculture
Seagrass data unavailable
Unvegetated__________________________________
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Figure 3: Fyke net array. Shown a) set in Cherrystone Creek, and b) with an overhead diagram.
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Table 2. Taxonomic composition of epibenthic and infaunal samples. Biomass (g) and abundance (#) of 
lowest possible taxonomic levels; values represent cumulative totals across all samples during the study 
(4.4 m2 total bottom sampled).
LABEL, species BIO (g) ABUND
AM PHIPO D 2.994 2914
BIVALVE 3.840 235
Anadara transversa
Anadara ova I is
Gemma gemma
Macoma balthica
Macoma tenta
Mercenaria mercenaria
Mulinia lateralis
Mya arenaria
Mytilus edulis
Spisula solidissima
C R AN G O N 0.356 11
Crangon septemspinosa
CAPRELLID 1.329 608
Caprellidae
C U M A C EA 0.070 5
Cum acea
G A SSTR O PO D,
CREPIDULA 0.522 57
Crepidula convexa
G A STR O PO D , LARGE 20.993 190
llyanassa obsoleta
Ilyanassa trivittata
Nassarius vibex
G A STR O PO D , SM ALL 4.997 1002
Anachis sp.
Bittium sp.
Boonea bisuturalis
Haminoea solitaria
Mangelia plicosa
Mitre I la lunata
Triphora nigrocinta
Turbonilla interrupta
LABEL, species BIO (g) ABUND
N A K ED  G O BY 1.313 37
Gobisoma bosc
HERMIT 9.856 27
Pagarus spp.
HIPPOLYTE 0.296 235
Hippolyte sp.
ISOPOD 0.195 106
Edotea triloba
Erichsonella
attenuata
Idotea baltica
JUVENILE BLUE
CRAB 2.781 12
Callinectes sapidus
JUV FISH 0.021 2
M UD C RAB 2.272 89
Xanthidae
M YSID 0.001 5
M ysidae
G RASS SHRIMP 1.589 116
Palaemonetes spp.
PIPEFISH 0.150 2
Syngnathus fuscus
SN A P SHRIMP 0.043 2
Alpheus
heterochaelis
W ORM 1.261 217
Annelida
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Figure 4. Mean total (+SE, n=5) a) Biomass and b) Abundance of epibenthic and infaunal assemblages 
(area per sample = 0.073 m2) by habitat type (Clam Aquaculture Row, Clam Aquaculture (bed), 
Seagrass, Unvegetated).
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Table 3. Results of one-way ANOVA analysis of epibenthic and infaunal total biomass and total 
abundance during each sampling Month across four Sites: rows between clam aquaculture nets (R), 
clam aquaculture (CL), seagrass (GR), and unvegetated (UN). Italicized results indicate that the data 
did not meet ANOVA assumptions, so non-parametric Kruskal-Wallis analysis and Wilcoxon post hoc 
analyses were used.
Response Var Month Df F-value (or KW chi2) P-value
Post-Hoc
Comparisons
Biomass May 3 10.331 0.0159
July 3 12.425 <0.001 GR>R,CL,UN
Sept 3 0.259 0.854
Abundance May 3 9.544 0.0229 CL>R,UN
July 3 8.561 0.0357 R,GR>UN
Sept 3 32.193 <0.001 CL>GR,R,UN;R>UN
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Figure 5. Epifaunal and infaunal biomass partitioned by mean biomass of each taxonomic group (grams/
0.073 m2) within each Site (Clam Aquaculture Row, Clam Aquaculture (bed), Seagrass, Unvegetated)
during a) May, b) July, and c) September.
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Figure 6. Epifaunal and infaunal biomass partitioned by mean abundance of each taxonomic group (#
per 0.073 m2) within each Site (Clam Aquaculture Row, Clam Aquaculture (bed), Seagrass,
Unvegetated) during a) May, b) July, and c) September.
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Figure 7. NMDS plots o f epibenthic and infaunal assemblages at each Site during a) May, b) July, and c) 
September. Sites are indicated in black: rows between the clam aquaculture net (R), clam aquaculture 
(CL), seagrass (GR) and unvegetated (UN). Taxonomic groups are shown in red. A good 2-dimensional 
representation of the dissimilarity pattern is indicated by stress <0.15 (Clarke & Warwick 2001).
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Figure 8. NMDS plot of cumulative epibenthic and infaunal assemblages at each Site across all Months. 
Sites are indicated in black: rows between the clam aquaculture nets (R), clam aquaculture (CL), 
seagrass (GR) and unvegetated (UN). Taxonomic groups are shown in red.
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Table 4. Taxonomic composition of haul seine samples. Total biomass (grams dry weight) and 
abundance (#) of species or genera. Species or taxonomic groups were included in the final analysis if 
they represented at least 1% of the total mean biomass or abundance on a given sampling date. Total 
bottom area swept over all months and sites was 0.006 km2.
Scientific Name NMDS label Biomass (g) Abundance (#) Incl?
Anchoa mitchilli BAYANCH 100.385 411 Y
Callinectes sapidus BL CRB 97.191 12 Y
Hypsoblennius hentz BLENNY 3.381 6 N
Crangon crangon CRANGON 2.920 47 Y
Micropogonias undulatus CROAK 1.728 38 Y
Gobisoma bosc GOBY 0.612 13 N
Hippolyte sp. HIPPO 2.183 770 Y
Anchoa mitchilli JUV BAYANCH 0.292 23 Y
Callinectes sapidus JUV BL CRB 106.248 395 Y
Menticirrhus saxatilis KINGFISH 0.891 2 Y
Callinectes sapidus MED BL CRB 499.200 125 Y
Xanthidae MUD CRAB 19.788 266 Y
Fundulus spp. MUMMI 34.010 13 Y
Sphyraena borealis N SENNET 0.508 1 N
Bidyanus bidyanus PERCH 149.151 596 Y
Orthopristics chrysoptera PIGFISH 1.277 2 N
Syngnathus fuscus PIPEFISH 15.384 66 Y
Sphoeroides maculates 
Stenotomus crysops
PUFFER
SCUP
4.211
8.101
2
1
N
Hippocampus erectus SEAHORSE 1.850 3 N
Paleomonetes sp. SHRIMP 134.386 2818 Y
Apeltes quadracus SICKLEBACK 0.081 4 N
Menidia menidia SIDE 245.064 310 Y
Gobiesox strumosus SKILLET 0.419 2 N
Chaetodipterus faber SPADE 4.836 1 Y
Libnia emarginata SPID CRAB 4.018 13 Y
Leiostomus xanthurus SPOT 318.479 191 Y
Lolliguncula brevis SQUID 4.722 17 Y
Symphurus plagiusa TONGUEFISH 1.124 1 N
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Figure 9. Mean total (+SE, n=3) a) Biomass and b) Abundance of haul seine assemblages (per 111.5 m2 
swept area) by habitat type (Clam Aquaculture, Seagrass, Unvegetated).
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Table 5. Results o f one-way ANOVA analysis on seine haul assemblage total biomass and total 
abundance during each sampling Month across Sites: clam aquaculture (CL), seagrass (GR), and 
unvegetated (UN). Italicized results indicate that the data did not meet ANOVA assumptions, so non- 
parametric Kruskal-Wallis analysis and Wilcoxon post hoc analyses were used.
Response Var Month Df F-value (or KW chi2) P-value
Post-Hoc
Comparisons
Biomass May 2 4.994 0.0823
July 2 3.622 0.0540 GR>UN
Sept 2 6.126 0.0114 CL,UN>GR
Abundance May 2 4.090 0.0380 CL>UN
July 2 6.147 0.0463
Sept 2 25.792 <0.001 CL>GR,UN
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Figure 10. Cumulative seine net abundance (#) partitioned by mean abundance of each taxonomic group
(# per 111.5 m2) within each Site (Clam Aquaculture, Seagrass, Unvegetated) during a) May, b) July, and
c) September.
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Figure 12. NMDS plots of seine net assemblage compositions at each Site during a) May, b) July, and c) 
September. Sites are indicated in black: clam aquaculture (CL), seagrass (GR) and unvegetated (UN). 
Taxonomic groups are shown in red.
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Figure 13. NM DS plot o f cumulative seine net assemblages across all Months and Sites. Sites are 
indicated in black: clam aquaculture (CL), seagrass (GR) and unvegetated (UN). Taxonomic groups are 
shown in red.
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Table 6. Taxonomic composition of fyke net array samples. Total biomass (grams dry weight) and 
abundance of species or genera. Species or taxonomic groups were included in the final analysis (Incl?) 
if they represented at least 1% of the total mean biomass or abundance on a given sampling date. Totals 
are cumulative over 54 fyke net arrays with 60 ft leaders between nets.
Scientific Name NMDS Label Biomass (g) Abundance (#) Incl?
Anguilla rostrata AM EEL 3,732.01 9 Y
Callinectes sapidus BCF 104,149.62 1,300 Y
Pomatomus saltatrix BLFSH 150.92 4 N
Centropristis striata BLKSB 604.88 2 Y
Chilomycterus schoepfii BURR 488.24 4 Y
Micropogonias undulatus CROAK 28,241.94 63 Y
Ophidion marginatum CUSK 71.57 2 N
Paralichthys dentatus FLOU 35,593.47 78 Y
Fundulus sp. FUND 1,275.39 109 Y
Cynoscion regalis GR TRT 1,548.51 12 Y
Urophycis regius HAKE 119.33 5 N
Trinectes maculatus HOG 21,218.35 470 Y
Limulus polyphemus HRSCB 89.30 2 N
Selene vomer LOOK D 17.78 2 N
Brevoortia tyrannus MEN 2,116.06 10 Y
Strongylura marina NEED 947.20 11 Y
Opsanus tau OYSTD 3,632.17 19 Y
Bairdiella chrysoura PERCH 68,747.45 1,886 Y
Orthopristis chrysoptera PIG 273.30 2 Y
Sphoeroides maculatus PUFF 4,425.85 54 Y
Prionotus carolinus ROBIN 613.85 2 Y
Morone saxatilis ROCK 7,004.25 5 Y
Menidia menidia SIDE 2,505.62 244 Y
Cynoscion nebulosus SPTRT 1,716.04 9 Y
Chaetodipterus faber SPADE 1,547.26 17 Y
Leiostomus xanthurus SPOT 15,480.44 672 Y
Lolliauncula brevis SOUID 177.52 11 Y
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Figure 14. Mean total (+SE, n=3) a) Biomass and b) Abundance of fyke net assemblages (per one fyke 
net arrays with 60 ft leaders between nets) by habitat type (Clam Aquaculture, Seagrass, Unvegetated).
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Table 7. Results o f one-way ANOVA analysis on fyke net assemblage total biomass and total abundance 
during each sampling Month across Sites: clam aquaculture (CL), seagrass (GR), and unvegetated 
(UN). Italicized results indicate that the data did not meet ANOVA assumptions, so non-parametric 
Kruskal-Wallis analysis and Wilcoxon post hoc analyses were used.
Response Var Month Df F-value (or KW chi2) P-value
Post-Hoc
Comparisons
Biomass May 2 82.328 <0.001 GR,UN>CL
July 2 0.405 0.684
Sept 2 0.137 0.8745
Abundance May 2 6.489 0.0390
July 2 0.148 0.866
Sept 2 2.171 0.195
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Figure 15. NMDS plots o f fyke net assemblages by Month and Site during a) May, b) July, and c) 
September. Sites are indicated in black: clam aquaculture (CL), seagrass (GR) and unvegetated (UN). 
Taxonomic groups are shown in red.
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Figure 16. Cumulative fyke net biomass partitioned by mean biomass of each taxonomic group (grams 
per one fyke net array with 60 ft leaders between nets) within each Site (Clam Aquaculture, Seagrass, 
Unvegetated) during a) May, b) July, and c) September.
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Figure 17. NMDS plots o f cumulative fyke net assemblages across all Months and Sites. Sites are 
indicated in black: clam aquaculture (CL), seagrass (GR) and unvegetated (UN). Taxonomic groups are 
shown in red.
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Table 8. Predator species for which diet contents were analyzed (643 individuals). Samples were 
included in the analysis (Incl?) if at least 5 samples were analyzed. Mean gut fullness is noted.
Scientific Name Common Name # Samples % Full Incl?
Anguilla rostrata American Eel 7 85.71 Y
Pomatomus saltatrix Bluefish 2 50 N
Centropristis striata Black Seabass 2 100 N
Chilomycterus schoepfii Burrfish 4 50 N
Micropogonias undulatus Atlantic Croaker 48 50 Y
Ophidion marginatum Cusk Eel 1 100 N
Paralichthys dentatus Summer Flounder 61 49.18 Y
Cynoscion regalis Grey Trout 12 75 Y
Urophycis regius Hake 3 0 N
Trinectes maculatus Hogchoker 89 87.64 Y
Selene vomer Lookdown 2 50 N
Fundulus sp. Mummichog 32 59.38 Y
Strongylura marina Needlefish 8 75 Y
Opsanus tau Oyster toadfish 16 75 Y
Bairdiella chrysoura Silver Perch 137 40.15 Y
Orthopristis chrysoptera Pigfish 2 0 N
Sphoeroides maculatus Northern Puffer 33 36.36 Y
Prionotus carolinus Striped Sea Robin 2 100 N
Morone saxatilis Striped Bass 3 66.67 N
Menidia menidia Atlantic Silverside 44 52.27 Y
Cynoscion nebulosus Speckled Trout 7 57.14 Y
Chaetodipterus faber Spadefish 12 41.67 Y
Leiostomus xanthurus Spot 104 43.27 Y
Fundulus sp. Striped Killifish 12 83.33 Y
Grand Total 643 54.28
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Figure 18. Cumulative diet composition across all samples (643 individual), delineated by a) Individual 
prey type, and b) Broad taxonomic groups.
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Figure 19. Hierarchical cluster analysis (metric = Euclidean distance, linkage method = group average) 
based on the weighted mean diet composition of each predator species.
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species are shown in black and taxonomic prey groups are shown in red.
66
SITE.TYPE
MONTH
PF EDATOR
-2 0 2 
: CCA1
o AM EEL
A CROAK
FLOU
X GR TRT
O HOG
V MUM
H NEED
* OYSTD
PERCH
e PUFF
n SIDE
m SP TRT
89 SPADE
□ SPOT
■ ST KILLI
Figure 21. Canonical Correspondence Analysis o f predator diet composition of all clustered samples. 
Each point represents the diet contents of a a unique combination of predator species (noted by color 
and shape), site, and month. Effects of environmental parameters (Predator, Site .Type, Month) on diet 
composition are shown with arrows.
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Figure 22. Canonical Correspondence Analysis o f predator diet composition of all clustered samples. 
Each point represents the diet contents of a unique combination of predator species (noted by color and 
shape), site, and month. Effects o f environmental parameters (Predator, Site .Type, Month) on diet 
composition are shown with arrows.
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